Through structure-based and directed evolution approaches, a new catalytic activity has been established on the (β/α) 8 barrel enzyme triosephosphate isomerase (TIM). This work started from ml8bTIM, a monomeric variant of TIM, in which the phosphate-binding loop (loop-8) had been shortened. Structure analysis suggested an additional point mutation (V233A), converting ml8bTIM into A-TIM. A-TIM has no detectable TIM activity, but it binds the TIM transition state analog, 2-phosphoglycollate. In an in vivo selection approach, we aimed at transferring the activity of three sugar isomerases (L-arabinose isomerase (L-AI), D-xylose isomerase A (D-XI) and D-ribose-5-phosphate isomerase (D-RPI)) onto A-TIM. Escherichia coli knockout variants were constructed, lacking E. coli L-AI, D-XI and D-RPI activities, respectively. Through a systematic approach, new A-TIM variants were obtained only from selection experiments with the L-AI knockout strain. Selection for D-RPI activity was impossible because of an impaired strain due to the gene knockouts. The selection for D-XI activity was unsuccessful, showing the importance of the starting protein for obtaining new biocatalytic properties. The L-AI-directed evolution experiments show that A-TIM already has residual in vivo L-AI activity. Most of the mutations providing A-TIM with enhanced L-AI activity are located in the loops between β-strands and the subsequent α-helices.
Introduction
The engineering of non-natural enzymes with new specificities and enzymatic activities offers great opportunities for the creation of biocatalysts with novel features. While biocatalysts in general are commonly applied in many industrial processes, e.g. production of fine chemicals, pharmaceuticals and food supplements, they also have an application potential in waste management and alternative energy production. Many of these processes usually encompass non-natural conditions. Biocatalysts, however, are perfectly adapted to their natural habitats and are not functional under the extreme conditions, which limits their applicability in industry (Woodley, 2013) . Protein engineering makes use of the tools available in molecular biology to develop efficient, tailor-made biocatalysts which can overcome these limitations. This has been extensively reviewed (Dalby, 2007 (Dalby, , 2011 Turner, 2009; Bommarius et al., 2011; Bornscheuer et al., 2012) . However, despite the affluence of available information on the course of action of an enzymatic reaction in terms of its stereochemistry, transition state stabilization and substrate binding, the design of a functional active site is still not straight-forward.
Through protein engineering, it is possible to change the catalytic reaction of an enzyme or alternatively, to change its substrate specificity. One of the major challenges in the attempts to change the activity of an enzyme is that, usually, the new activity is only rudimentary and immature. Therefore, a very sensitive selection or screening procedure and choosing an appropriate starting molecule are of crucial importance. In our work, we targeted sugar isomerases. Monosaccharides are of special industrial interest as they are chiral molecules, e.g. α-hydroxyaldehydes. An enzymatic assay to follow the conversion of aldehydes to ketones or vice versa is not very sensitive and therefore difficult to integrate into high-throughput approaches. However, as chromosomal knockouts for sugar isomerases can routinely be created in Escherichia coli, enzymes converting monosaccharides can be targeted easily by using in vivo selection protocols.
The aim of this study was the creation of non-natural sugar isomerases that do not require any cofactors for their catalysis. The sugar isomerase triosephosphate isomerase (TIM, E.C. 5.3.1.1) is a perfectly evolved enzyme (Knowles, 1991) which catalyzes the interconversion of an α-hydroxyketone dihydroxyacetone phosphate (DHAP) and an α-hydroxyaldehyde D-glyceraldehyde-3-phosphate (D-GAP) . This is an important reaction in glycolysis (Putman et al., 1972) . Chemically interesting is the activation of a proton by a catalytic glutamate functioning as a base during the reaction that makes it possible that a C-H bond is broken (Rose, 1962) . The protein structure of wild-type TIM (wtTIM) and its mutated variants, as well as its catalytic properties, have been extensively studied (Knowles, 1991; Wierenga et al., 2010; Richard, 2012) . As can also be seen from Fig. 1 , one subunit of wtTIM is comprised of eight β-strands forming a barrel which is surrounded by eight α-helices connected to the β-strands via loops. The fact that the C-terminal loops make up the catalytic machinery and the N-terminal loops are responsible for protein stability makes it a perfect target for the establishment of new activities on the TIM scaffold. Based on this feature, changing the activity should be possible without a great loss in enzyme stability.
Previously, it was shown by Alahuhta et al. (2008a,b) and Salin et al. (2010) that an engineered monomeric variant of TIM (A-TIM) from Trypanosoma brucei can accommodate and bind larger sugars in its more extended active site than wtTIM. This variant was designed in several steps via a structure-based engineering approach aimed at eventually changing its substrate specificity. A-TIM was created by a series of mutations and deletions , starting from the dimeric trypanosomal TIM and using the ICM modeling package to guide the mutagenesis . In the dimeric wtTIM, the catalytic loops are stabilized via interactions across the dimer interface, in this way generating a competent active site which is very proficient for catalyzing the isomerization of D-GAP into DHAP. To obtain a monomeric TIM variant, the dimer interface was changed drastically. Fifteen residues of loop-3, the major dimer interface loop, were deleted and replaced with eight residues, creating monoTIM (Borchert et al., 1994) (1MSS, 1TTJ, 1TTI ). The substrate affinity as well as the turnover number (∼1000 times lower) of monoTIM is lower compared with wtTIM (Borchert et al., 1995) . In monoTIM, loops-1, -3 and -4 exhibit conformational flexibility. However, in the presence of a ligand these loops adopt a similar conformation as in wtTIM, and therefore, a residual catalytic activity can be observed. Subsequently, a residue of the now flexible loop-4 of monoTIM was mutated into a tryptophan (A100W) in order to favor the competent conformation of loop-4. The A100W mutation has no effect on k cat nor K M of the monomeric TIM variants. Additionally, loop-1 was shortened, finally producing ml1TIM which has the same catalytic properties as monoTIM (Thanki et al., 1997) (1ML1) . In these variants, the conformational properties of the phosphate-binding loop (loop-8) did not change.
To change the substrate, specificity loop-8 was shortened, generating ml8bTIM (Norledge et al., 2001 ) (1DKW). Loop-8 was shortened by three residues (Gly235-Ala236-Ser237) creating a new binding pocket between loop-7 and loop-8 which is significantly larger and deeper than that of wtTIM. The new binding pocket is connected to the catalytic site, because the original phosphate-binding pocket between Gly173 (loop-6), Ser213 (loop-7) and Gly234 (loop-8) has been widened (Norledge et al., 2001; Alahuhta et al., 2008a,b) . The high-resolution crystal structure of ml8bTIM (Table I, 2VEI) shows that the conformation of loop-7 is different from the conformation adopted in wtTIM, due to the new conformation of the Val233 side chain. Therefore, Val233 was mutated into an alanine resulting in A-TIM (2VEK, Table I ).
In contrast to ml8bTIM, the active site of A-TIM is now competent, e.g. it can adopt the open and closed conformations of the catalytic loop-6, and it can also bind the transition state analog, Fig. 1 Trypanosoma brucei brucei TIM structure (5TIM). The βα loops (FL) are numbered. (A) View from the top along the barrel axis, into the active site. Loop1 positions the catalytic residue Lys13, the short helix in the βα loop-4 positions the His95 while loop-6 positions the Glu167. The side chains of these residues are shown in light-grey. (B) Side view of the TIM barrel. The catalytic residues are located in the FL. The catalytic Glu167 is shown in green. The αβ loops (BL) are important for the stability of the protein (Sterner and Höcker, 2005) . The figure was adapted with slight changes from Wierenga et al. (2001) . Table I) (Alahuhta et al., 2008a,b) . The active site binding pocket of A-TIM can also bind larger substrate analogs, like 4-phosphono-D-erythronohydroxamic acid (4PEH) (2X1T ,  Table I ), which is an analog of a C5-sugar phosphate. Nevertheless, catalytic activity for its natural substrates is not detectable, presumably because the affinity of the triosephosphate substrates is too low.
2-phosphoglycollate (2PG) (
In this study, we aimed at changing a very specific enzyme (TIM) into an enzyme displaying promiscuity, i.e. widening the substrate range. In chemical synthesis, where the substrate can vary, this is of great importance for the application of enzymes.
For the directed evolution experiments, three cellular activities were chosen, being those of D-ribose-5-phosphate isomerase A/B (D-RPI, E.C. 5.3.1.6), D-xylose isomerase A (D-XI, E.C. 5.3.1.5) and L-arabinose isomerase A (L-AI, E.C. 5.3.1.4). Like TIM, these enzymes catalyze the interconversion of an aldehyde and a ketone. Each of these substrates has the same chirality at its respective C2 atom (Fig. 2) . The substrate of TIM is a triosephosphate C3-sugar, while the substrates of D-RPI, D-XI and L-AI are C5-sugars. The substrate of D-RPI contains a phosphate moiety at the C5-atom. D-RPI and L-AI have the same reaction mechanism as TIM, a proton transfer. In contrast, D-XI employs a hydride transfer even though it has the same (β/α) 8 barrel fold as TIM. TIM and D-RPI do not require any cofactors, but L-AI and L-XI require divalent cations for efficient catalysis. A comparative overview of the enzymes involved in this study can be found in Table II .
The directed evolution approach was guided by the structural data available for TIM and A-TIM in two ways. First, four different reference proteins were chosen as starting points for the library creation, being A-TIM, A-TIM_S96P, A-TIM_A178L and A-TIM_I245A. Secondly, two different randomization methodologies were applied for the preparation of the initial 16 libraries which are summarized in Fig. 3 . The S96P point mutation was chosen because in previous studies this mutation was found to be a second site revertant of sluggish chicken TIM point mutation variants (E165D and H95N) (1TPD (E165D), 1TPC (E165D, S96P), 1TPU (H95N), 1TPV (H95N, S96P)) (Komives et al., 1995 (Komives et al., , 1996 . The point mutation A178L pushes the catalytic loop-6 into closed conformation (Alahuhta et al., 2008a,b) which should favor the formation of a competent active site. The residue Ile245 is part of helix-8 and together with Phe242 shapes the hydrophobic bottom of the binding groove. Ile245 was mutated into an alanine, with an also hydrophobic, but much shorter side chain. This is predicted to deepen the binding pocket and therefore to facilitate the accommodation of more extended substrates. The two randomization methodologies applied target-specific substrate binding loops of A-TIM, in particular loop-4, loop-7 and loop-8 (megaprimer PCR, mPCR), and the whole sequence of A-TIM (error prone PCR, epPCR), respectively. The specific regions targeted were chosen based on the protein crystal structures, being Trp100 (one residue, loop-4), Val214/Asn215 (two residues, loop-7) and Ala233/Gly234/ Lys239/Glu241 (four residues, loop-8). The loop-4 residue (Trp100) was chosen, because it could affect the positioning of the His95 side chain (as discussed above). The residues in loop-7 and loop-8 were chosen since they are directly involved in substrate binding as they together form the binding pocket.
Different examples of the transfer of activities onto monomeric (β/α) 8 -barrel enzymes can be found in the literature. The research group of Reinhard Sterner reported changing an N′-[(5′-phosphoribosyl) formimino]-5-aminoimidazole-4-carboxamide ribonucleotide isomerase (HisA) into a phosphoribosyl anthranilate isomerase (TrpF) (Jürgens et al., 2000) . The same group recombined two half barrels from HisA and HisF to a chimeric (β/α)8 barrel to establish TrpF activity with highly efficient catalytic properties (Claren et al., 2009) . Recently, Khersonsky et al. (2012) and also Blomberg et al. (2013) reported that a de novo activity could be installed on a TIM-barrel scaffold: the Kemp elimination reaction. This reaction (Richard et al., 2014) is not catalyzed by any natural enzyme, and was established on a monomeric TIM-barrel protein through several rounds of directed evolution and structure-based design. Saab-Rincon et al. (2001) have used monoTIM as a starting point for identifying mutations to enhance TIM activity in this monomeric variant. Very recently, Saab-Rincon reported the successful migration of a thiamin phosphate isomerase synthase (2Y6Z) activity, using monoTIM (1TRI) as a starting point (Saab-Rincon et al., 2012) . In the latter studies, only the protein structures are similar, but the substrates and transition states are very different. In our approach, all substrates are highly similar, and some enzymes show the same reaction mechanism and/or the same protein fold. Here, we report the successful transfer of L-AI activity onto the scaffold of a monomeric TIM.
Materials and methods

Bacterial strains, plasmids and reagents
All in vivo selections for L-AI activity were done in an engineered E. coli W3310 strain while all in vivo selections for D-RPI and D-XI activity were done in an engineered E. coli JW0334-1. All three strains were created according to a published protocol (Datsenko and Wanner, 2000) : ΔendA, ΔaraA, ΔrecA; E. coli MK05 λ-rph-1 INV(rrnD, rrnE), ΔlacY, ΔendA, ΔxylA, ΔrecA; E. coli MK07 λ-rph-1 INV(rrnD, rrnE), ΔlacY, ΔendA, ΔrpiA, ΔrpiB, ΔrecA. The appropriate genes were cloned via NdeI/HindIII digestion (FastDigest restriction endonucleases; Fermentas) and subsequent ligation (T4 DNA Ligase; Roche, Mannheim, Germany) into a derivative of the expression vector pCTUT7 (Kraft et al., 2007) . This vector is characterized by an IPTG inducible lac promoter derivative and a pBR322 origin of replication. As a positive control, the corresponding sugar isomerase genes (rpiA, xylA, araA) from E. coli W3110 were each cloned into the vector. As a negative control, a 60 bp non-coding linker was cloned into the vector to create an 'empty' plasmid. Small scale plasmid preparations were prepared and isolated as described in Grunzel et al. (2014) .
For the extraction of the gene libraries, the NucleoBond large scale plasmid extraction kit (Macherey and Nagel) was used according to the manufacturer's instructions. All chemicals were obtained from Fluka, except of the sugars which were obtained from Sigma-Aldrich. Bacterial cultures were prepared in Super Optimal Broth (SOC) complex medium ( pH 7.0). The in vivo selection medium and plates were prepared from mineral salt medium (MSM) with the addition of the appropriate sugar (6 g l agar was added. Five micromolars of IPTG were added for induction, and if appropriate 34 µg ml −1 chloramphenicol. 
epPCR library construction
For the introduction of random point mutations into the gene of interest epPCR was used, based on Leung et al. (1989) , and adapted according to Claren et al. (2009) . The following primers were used: ATIM5′ (forward) ATTCCATATGTCCAAGC and ATIM 3′ (revers) CCCAAG CTTAGGAAAAT. The library size was determined according to the following formulas: first the number of transformed cells was determined (n T = number of transformed cells, n C = number of colonies on agar plate, f = dilution factor, V s = volume factor). Then, the ligation efficiency (LE) was determined: LE = n V /n G (n V = number of colonies with a complete full length construct (correct insert), n G = number of analyzed colonies). With the obtained numbers, the final library size was determined as G = n T × LE.
Focused (mPCR) libraries
The focused libraries were created using the mPCR introduced by Wu et al. (2005) using the following flanking primers: F1 (NdeI) ATTCCATATGTCCAAGC and F2 (HindIII) CCCAAGCTTAGG AAAAT, and depending on the area targeted the corresponding mutagenesis primers: loop-4 CGAGCGCCGCNNNTACTATGGTGA GAC, loop-7 CGGCGGTTCTNNNNNNGGAAAGAATGCGCG and loop-8 CGGCTTCCTTNNNNNNTTGNNNCCANNNTTTG TGGACATCATC.
In vivo library selection
For the in vivo selection of the gene libraries, the library pDNA was transformed into freshly prepared electrocompetent cells of the appropriate E. coli knockout strain. Hundred to 200 ng of library pDNA solution were transformed into 100 µl cells per transformation reaction. In total, the whole library aliquot of pDNA was transformed and all transformations were combined in a 50 ml SOC culture in a 200 ml Erlenmeyer flask and incubated for 1 h, 30°C, and 200 rpm before plating. Every time in parallel to each library, 100 ng of the appropriate negative control (empty plasmid) and the positive control (the appropriate vector carrying the wild-type sugar isomerase gene) Fig. 3 Overview of created gene libraries. Four starting points were used with A-TIM being the reference enzyme, and the other three being A-TIM with a point mutation in residue Ser96, Ala178 and Ile245, respectively. All four starting points were used to create each an epPCR library (complete sequence randomization) as well as several focused libraries. For the latter, specific regions were chosen based on the protein structure, and randomized by mPCR. In total, 16 libraries were created, 4 epPCR and 12 focused libraries.
was transformed into 100 µl cells. Additionally, an aliquot of 100 µl cells was transformed with sterile distilled water to check the viability of the cells used for transformation. The cells of the library and the controls were harvested by centrifugation at +4°C, 5000 rpm for 15 min. The supernatant was discarded and the controls were washed with sterile 0.9% NaCl solution. Finally, the controls were resuspended in 500 µl and the libraries in 8 ml of a sterile 0.9% NaCl solution before plating on MSM plates containing the appropriate sugar as well as complex media (SOC) plates containing 34 µg ml −1 chloramphenicol. Plates were incubated at 30°C for 3-5 days.
From the library cell solution, 90 µl were plated in dilutions (10
to 10
) on small SOC agar plates. Additionally, a small aliquot was plated on an MSM agar plate containing 6 g l −1 glucose (33 mM). The remaining solution was plated on 40 big MSM agar plates (200 µl per plate) containing only one sugar as a carbon source (6 g l −1 , 40 mM).
The cells transformed with either the positive control or the negative control were plated in dilutions (10 −1 to 10 −7 ) on small SOC agar plates, and one aliquot was plated on a small MSM agar plate with the appropriate sugar. The cells transformed with water were plated on a small SOC plate (no antibiotics) and on an MSM agar plate containing the selection sugar. Additionally, a small aliquot of all controls was plated on an MSM agar plate containing 6 g l −1 glucose (33 mM).
All plates were incubated at 30°C for 3-5 days and the appearance of colonies was followed. From the dilution plates, the TE (transformation efficiency) was calculated. From positive clones which showed growth during the first selection cycle of the epPCR libraries, the pDNA was sequenced. The pDNA of all found variants was pooled in equal amounts, and a new round of epPCR was performed. Again colonies were picked after selection. The pDNA of the positive clones of round 2 was sequenced.
As a control, to avoid false hits due to background growth from nutrients released by dying cells or background mutation of the knockout strain, all found clones were always restreaked on fresh selection plates. From those that showed growth after 24-48 h pDNA was extracted and retransformed into freshly made competent knockout strain cells and plated on selection plates. The pDNA was sequenced only from those clones that showed growth after 24-48 h.
Shake flask cultivations
To record the growth rates of different strains with different plasmids shake flask cultivations were performed. The optical density (A 600 ) of 200 ml MSM cultures with 6 g l −1 L-arabinose (40 mM) as the only carbon source was followed over 48 h. As precultures, freshly transformed cells or 20 μl of the glycerol stock was plated on MSM_A agar plates and incubated over-night at 37°C. The next day, the cells were washed off and the cultures were inoculated at an A 600 = 0.1. From the beginning, 5 μM of IPTG was added to each culture to induce the expression of the plasmid-based target gene. Samples were taken and the A 600 was measured every 12 h. The culture was incubated at 37°C, 200 rpm in a 1 l shake flask for 48 h. The growth of E. coli W3110 (wt, positive control), the knockout strain E. coli MK13 (ΔaraA) with different plasmids ( pMK09_AraA ( positive control), pMK11_wtTIM (negative control), pMK01_A-TIM, pMK_Ma21) was followed. From the obtained growth curves, the specific growth rates were calculated.
Results
As part of the in vivo selection system, three different E. coli knockout strains (E. coli MK05, E. coli MK07 and E. coli MK13) were carefully designed and created through recombineering. For each targeted sugar isomerase, the appropriate gene was knocked out: araA for L-AI, xylA for D-XI, and rpiA and rpiB for D-RPI. Additionally, in all strains, the gene for the lactose permease (lacY), the endonuclease (endA) and the recombinase A (recA) was deleted. Some promoters are subjected to all-or-none gene expression. This phenomenon occurs, because expression of the gene encoding the transporter which transports the inducer into the cell is controlled by the inducer itself (Khlebnikov and Keasling, 2002) . Therefore, lacY was deleted to decouple control of expression of the gene encoding the transporter from the inducer itself, and make a linear induction possible. Additionally, to avoid problems with cell survival and the formation of plasmid concatamers which had been observed in our earlier experiments, endA and recA were also deleted. For the structure-based directed evolution of A-TIM, 16 different gene libraries were created (Fig. 3) by two different randomization approaches: (i) structure-based rational design (mPCR) and (ii) directed evolution (epPCR). The resulting library sizes are summarized in Table III . Analysis by sequencing showed no significant appearance of frameshifts per gene and transitions were slightly favored compared with transversions. This is expected, according to analysis of the methods applied for the creation of the libraries (Tee and Wong, 2013) . It was made sure that the coverage factor is high enough to cover each library variant multiple times. The number of changes for the epPCR was ∼3-4 bp changes per gene, for the mPCR libraries between 1 and 3 bp changes per gene.
The libraries were examined by genetic complementation of an E. coli ΔrpiA/B (E. coli MK05), E. coli ΔxylA (E. coli MK07), E. coli ΔaraA (E. coli MK13) strain, respectively. The growth of all controls and library selections is summarized in Table IV . In case of the D-RPI activity, the positive control could not complement the knockout, and therefore, this work was discontinued. For in vivo D-XI activity, the A-TIM  S69P  A178L  I245A  A-TIM  S69P  A178L  I245A  A-TIM  S69P  A178L  I245A The actual number of found colonies was much larger, 100 were picked and analyzed by replating, retransformation and sequencing, only those variants with actual new mutations from round 1 (3) and round 2 (15) are mentioned here.
focused libraries (loops-4, -7, -8) and the epPCR_ATIM library were tested, but no active clones were found. All starting points (A-TIM, S96P, A178L and I245A) were tested for in vivo activity in the presence of L-arabinose or D-xylose. Only A-TIM showed in vivo activitiy, and only in the presence of L-arabinose. Also wtTIM, ml1TIM, ml8bTIM, which were checked as controls (Fig. 4 and Table IV) did not show in vivo activity. All 16 A-TIM libraries were selected for L-AI activity and it was found that only those libraries based on A-TIM showed clones that were capable of complementation. An overview of the in vivo selections can be seen from Table IV. Three variants (W4, V2, A5) found from the mPCR libraries displaying in vivo activity of L-AI were analyzed by sequencing and showed the following mutations: W4: W100V (the loop-4 library), V2: N215F (the loop-7 library), A5: A233G, K239L, E241W (the loop-8 library). Further analysis of these variants has been initiated. Furthermore, three variants, Ma4, Ma18 and Ma21, were found after epPCR which displayed in vivo activity of L-AI. Interestingly, these variants did not display any in vivo activity of D-XI (Fig. 4) . They showed different mutations. Ma4: T139A, Ma18: E23G, A70T, S96F and A178V, and Ma21: Q65L. The three found variants were pooled equally and underwent a second cycle of epPCR. Many positive clones were found after the selection from which 100 were picked and replated on selection plates. Only variants that showed growth after replating followed by plasmid retransformation and replating were finally picked and sequenced. None of the found variants showed the mutations present in Ma4 or Ma18, and also the original A-TIM sequence was not found. All 15 found new variants were further mutated variants of Ma21, whereas all those without any new mutations (16) were identical to Ma21, as discussed in more detail in the next section. Many amino acids were exchanged with more hydrophobic amino acids. Additionally, the size of the side chain changed in most cases drastically, e.g. from a glutamate (long) to a glycine (very short), or a serine to a phenylalanine (bulky, large). Notably, most of the mutations are in the front loops (FLs). The distribution of the mutations over the TIM barrel (silent mutations not considered) was analyzed, and is summarized in Table V . Most mutations can be found in the loop regions at the beginning or toward the end of α-helices while mutations in β-strands are extremely rare.
Variant Ma21 showed the fastest growth on the plate. Colonies of Ma21 were clearly visible after 24 h whereas colonies of A-TIM showed growth only after 36-48 h on selective plates. Therefore, to get an idea about the in vivo catalytic performance of this variant in comparison with wtTIM, A-TIM and the wt L-AI growth curves of the respective plasmid containing E. coli W3110 strains were performed on MSM with 6 g l −1 L-arabinose (see Fig. 5 ). Clearly, wt E. coli W3110 had the highest specific growth rate, followed by the positive control ( pMK09_L-AI) which compensates the araA gene knockout in the knockout strain E. coli MK13. Escherichia coli MK13 grows better when Ma21 is available as when A-TIM is available, suggesting that Ma21 is a better/more efficient enzyme for the use of L-arabinose. wtTIM cannot compensate the lack of a functioning L-AI, as this culture did not grow. Furthermore, the catalytic glutamate Glu167 was mutated to an alanine in A-TIM and Ma21 and those variants were also analyzed (Fig. 4 , Table IV ). These mutants lost their in vivo L-AI activity completely which indicates that the catalytic glutamate, essential for wtTIM functionality, plays also a crucial role during catalysis of Ma21. Values concern mutations observed during epPCR and selection of rounds 1 and 2. Only real mutations (with respect to A-TIM) are included, silent mutations were left out.
BL, back loop; B, β-strand; FL, front loop; H, α-helix of each of the eight (βα)-units.
Discussion
In these studies, a pentose sugar isomerase catalytic activity, the L-arabinose isomerase (L-AI), was successfully established on a monomeric TIM variant in a two-step protocol. First, using modeling and crystallographic approaches, the phosphate-binding loop, loop-8, was shortened. Secondly, a sensitive in vivo selection method was developed. Changing substrate specificity is a major challenge whenever obtained variants have only marginal activities. The conversion of an aldehyde to a ketone or vice versa cannot be easily followed by an enzymatic assay, because this assay is rather insensitive. Through recombinant molecular biology techniques; however, chromosomal knockouts can be created in E. coli, allowing for a sensitive in vivo selection assay in which plasmids encoding positive hits of the gene library can be detected, as these plasmids encode proteins that will compensate the chromosomal gene knockout. Nonetheless, in our studies we found that in certain cases this method is not suitable as a selection system. To select for D-RPI activity, two genes had to be knocked out: rpiA and rpiB which both code for isoforms of the ribose-5-phosphate isomerase. This knockout has a severe negative effect on the survival capabilities of the E. coli strain under stress. We observed that the positive control (E. coli MK05 with pMK05_ rpiA) could not complement the double-knockout (ΔrpiA/B). This is probably due to the fact that not only the sugar metabolism, but also the nucleoside metabolism is affected as the metabolic pathway is disrupted. Therefore, the in vivo selection for D-RPI activity was not possible. Consequently, the in vivo selection assays were only done with the L-AI and D-XI knockout strains.
The experiments with the D-XI knockout strain did not result in any positive hits. In contrast, the selection for L-AI activity successfully resulted in three positive variants. The variants displaying L-AI activity (Ma4, Ma18 and Ma21), including A-TIM, do not display in vivo D-XI activity, as visualized in Fig. 4 . When looking at the structure of the wt enzymes L-AI has a very different fold compared with TIM, while D-XI-like TIM is also a (β/α) 8 -TIM barrel (see Table II ).
The catalytic mechanisms of TIM and D-XI, however, differ, as D-XI employs a hydride transfer for the isomerization and TIM uses a proton transfer reaction mechanism. L-AI also has a proton transfer mechanism, like TIM, but requires divalent ions for active catalysis, whereas TIM does not require metal ions for its activity. As TIM does not need any cofactors for catalysis we suggest that A-TIM, Ma4, Ma18 and Ma21 also do not require cofactors for the conversion of L-arabinose to L-ribulose. As a control we also checked wtTIM, ml1TIM and ml8bTIM for in vivo activity. None of them showed any growth during selection on D-xylose nor L-arabinose. Studies showed that the success rate is higher if the starting point already possess a low rate of the desirable activity, e.g. promiscuous activity or at least catalyzes the desired reaction converting a chemically and structurally similar substrate (Leemhuis et al., 2009) . Some researchers even suggest that the first rule of directed evolution ('you get what you select for') should be followed by a second rule: 'you should select for what is already there' (Peisajovich and Tawfik, 2007) . In our study, ml8bTIM clearly does not show any in vivo L-AI activity. The structural enzymological characterization of A-TIM (Alahuhta et al., 2008a,b) has shown that A-TIM binds the transition state analog 2PG and also that its catalytic loops, loop-6 and loop-7, have the same open/closed loop properties as known for wtTIM, whereas these two properties were distinctly not present in ml8bTIM. The point mutation, V233A, which converts ml8bTIM into A-TIM is also critically important for the new in vivo L-AI activity (Fig. 4) .
During the first round of the selection of the epPCR_ATIM library most of the picked clones turned out to be unmutated A-TIM. Since A-TIM alone already showed in vivo activity, in retrospect this is expected. However, three clones were identified as being mutated variants from A-TIM: Ma4, Ma18 and Ma21. In these three positive hits altogether six mutations are present. The mutations are mainly found at the C-terminal end of the TIM-barrel, as shown in Table V , which corresponds to the catalytic end of the enzyme while the N-terminal end, responsible for the protein stability, did not show mutations. Interestingly, the second round of epPCR, starting from a mixture of Ma4, Ma18 and Ma21, resulted only in variants which were based on Ma21. Of the 100 positive clones that were picked, 31 clones showed growth when replated and retransformed. These clones were sequenced. Sixteen clones were identical to Ma21, whereas 14 positive hits were variants of Ma21 having further changes in the sequence, and only one did not show the Q65L mutation in frontloop-3, but instead has as mutations (with respect to A-TIM) V37A, F60I, D244G. Altogether 56 real mutations with respect to A-TIM were identified (not considering silent mutations) in 15 new variants (Table V) . The distribution of mutations from both epPCR rounds is summarized in Table V . Round 1 shows that over 80% of all mutations are located within the βα-loops (FLs) and no mutations can be found in the back loops (BLs) nor the β-strands (B). In round 2, ∼85% of all real mutations (i.e. silent mutations are not included) occur in the βα-loops (FL) and α-helices (H). Most mutations occur in FL-3, and in H1, H6 and H8 or in loops prior or after these helices. Only 1 of 31 clones shows a mutation in a β-strand. Similar observations were reported by Silverman et al. (2001) analyzing the mutability of yeast TIM and finding that β-strands and β-stop motives are the most crucial residues for stability and activity. Hence, mutations in those areas could cause the protein to lose its structure and subsequently its active function. However, βα-loops (FL) and α-helices were found to be highly mutable.
As it was observed that colonies of the Ma21 clone arise slightly earlier than those of an A-TIM clone, the in vivo catalytic performance was further analyzed by the comparison of A-TIM and Ma21 to Fig. 5 Growth curves. The growth of the knockout strain E. coli MK13 (ΔaraA) transformed with different plasmids was monitored for 48 h, 37°C, in shake flasks. W3110 is an E. coli wild type without any plasmid (the only difference to the other cultures is that no antibiotic was added to this culture). pMK09_LAI is the positive control, the plasmid carries the E. coli araA gene, and wtTIM is the negative control. The cells were grown on MSM with L-arabinose as the only carbon source (6 g l −1 ), incubated at 37°C, 200 rpm. As a positive control, all cells were plated on complex medium.
wtTIM and recombinant L-AI and the wt L-AI present in E. coli W3110 through recording growth curves on L-arabinose as the only carbon source (Fig. 5) . The in vivo catalytic activities, as indicated through differences in specific growth rates from lowest to highest are as follows: wtTIM (no activity) < A-TIM < Ma21 < L-AI (on pDNA) < wt E. coli L-AI. Clearly wtTIM does not have any activity while Ma21 is better than A-TIM and the wt enzyme (L-AI) on a plasmid or in the chromosome displays the highest activities. From these results, we can conclude that the Ma21 has slightly better catalytic properties than A-TIM, and the mutation (Q65L) has a positive effect on the enzyme's performance. If the mutation in Ma21 simply leads to an increase in total L-AI activity through an improved expression of Ma21 compared with A-TIM needs to be further investigated. To further elucidate if the critical catalytic residue of the enzymatic reaction of wtTIM, Glu167, is essential for catalysis, this residue was deactivated by mutation to an alanine (E167A). A-TIM_E167A and Ma21_E167A clones lost their in vivo activity as seen by their inability to grow on L-arabinose as the only carbon source, clearly confirming the importance of Glu167 for catalysis.
L-Arabinose and D-xylose are found in nature as compounds of hemicelluloses, which is an important component of biomass obtained from agricultural waist. D-Xylose is the most abundant hemicellulosic sugar, but some cellulosic biomass, such as corn fiber and other crops, contain also high amounts of L-arabinose (Becker and Boles, 2003) . The latter biomass is an essential energy resource for the production of ethanol by Saccharomyces cerevisiae. S. cerevisiae is able to ferment hexoses rapidly and efficiently, but it is unable to ferment pentose sugars. An efficient L-arabinose isomerase is therefore required for optimal usage of this biomass (Becker and Boles, 2003) . L-AI requires cofactors for its catalytic reaction while TIM does not. L-AI activity conveyed to TIM would ideally work in aqueous solutions at intermediate temperatures and pressure, displaying high stereoselectivity, without the need for cofactors. This directly targets new eco-efficient production concepts for industrially important chemical compounds. In addition, L-arabinose isomerase is of great interest in industry for the production of D-tagatose a functional sweetener, and rare sugars such as L-ribose. L-Ribose is used as a building block of L-form sugar-based antivirus drugs (e.g. against hepatis HBV/HCV, HIV and human cytomegalovirus HCMV) (Okano, 2009; Hu et al., 2011) . The chemical synthesis of L-ribose requires multiple steps, and the enzymatic production requires usually ribitol, which is currently an expensive compound (Xu et al., 2014) . Instead processes employing L-AI are preferred.
L-AI converts L-arabinose into L-ribulose, and then in a second step, the L-ribose isomerase converts L-ribulose to L-ribose. Unfortunately, L-AI requires divalent cations such as Co 2+ , which are considered toxic in food industry (Xu et al., 2014) . Attempts have been undertaken to create an L-AI not requiring cofactors (Hong et al., 2011) . In this case, the non-natural enzymes generated were chimeras made up of parts from mesophilic and hyperthermophilic L-AIs. However, to be suitable for industrial-scale applications these enzymes would need to be improved greatly in terms of their low enzyme activity, low catalytic efficiency and poor thermostability (Xu et al., 2014) . Our approach was different as it did not use the wt L-AI as a starting point, but instead we successfully transferred its activity onto a different scaffold, the TIM-barrel scaffold. The characterization of the molecular properties of A-TIM and its variants has been initiated. This will provide better understanding of their in vivo properties. It will also be interesting to see if the loss of the cofactor dependency can be confirmed, and how the enzymological properties of A-TIM have changed in the new variants.
